The effect of Ca addition for improving machinability in carbide tool machining operation has been widely known. It has been proposed that oxide inclusions, which would work as "belag" on the tool surface during machining operation, has been responsible for this effect. In recent years, when Ca-treated steels containing higher sulfur are machined, MnS has been observed to form on the rake face, and this "inclusion layer," instead of the oxide belag, would serve favorably for machinability.
Introduction
Steels for machine structural use are required to have superior machinability to enhance the productivity because various kinds of products are produced by machining operations. In terms of machinability, tool life is regarded as one of the most important factors since it gives a direct influence on an exchange frequency of cut tools in mass-production lines.
So far, various studies on the mechanism of tool wear have been conducted [1] [2] [3] [4] to improve the tool life. Among them, it has been considered that two kinds of wear mechanism, diffusion wear which is caused by diffusion of particular tool constituents into the chip and abrasive wear in which the abrasive hard particles in steels scrape off the tool surface, mainly influence the rake face wear of carbide tools. [2] [3] [4] It has been widely known that inclusions in steels strongly influence the machinability. A large number of studies [1] [2] [3] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] on the mechanism of wear reduction effects, particularly in Ca-added steels, have been carried out since it was recognized at the early 1960s in Germany. 5) Many reports have stated that the rake face wear at high cutting speeds is reduced by an adhesion of oxide inclusion containing calcium to the carbide tool surface, which could work as the so-called "belag", since this oxide layer covers the tool surface and protects the tool from the diffusion wear. [1] [2] [3] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] It has been also reported that the oxide inclusion containing calcium is softer than a typical oxide like Al 2 O 3 , and that (Mn, Ca)S, which crystallized around the oxide containing calcium, reduces the abrasive effects of this composite oxide. 11, 12) Furthermore, in case of machining a Ca-added steel containing higher amount of sulfur with a relatively high cutting speed, an inclusion layer, which is mainly composed of manganese sulfide, forms on the tool surface, avoiding the direct contact between the tool surface and the chip, and it works to prevent the diffusion wear. [13] [14] [15] [16] Though there have been a lot of studies on the wear reduction effect by calcium addition, some aspects are still remained to be clarified, such as the roles of the oxide inclusion containing calcium for enhancing the formation of the inclusion layer. In this paper, the influence of calcium and/or magnesium addition on the rake face wear of carbide tools under a high cutting speed was investigated. The role of inclusions for the wear reduction in the turning operation was examined by detailed observation of the inclusion layer formed on the tool surface by cross sectional transmission electron microscopy.
Experimental Procedure

Preparation of Materials
The chemical compositions and Brinell hardness (HB), which were measured at the D/4 position (D: bar diameter) of tested materials, are shown in Table 1 . Three materials, Steel A (to be referred to base steel in the following) which contained neither calcium nor magnesium, Steel B (referred to Ca-added steel) which contained only calcium, and Steel C (referred to Ca/Mg-added steel) which contained both calcium and magnesium, were prepared. Concentrations of other major alloying elements were similar to that of S40C in JIS standard except sulfur, which was increased to about 0.1 % in weight.
The steel specimens were obtained through laboratory vacuum melting process. Each material was cast to an ingot weighing 150 kg. Then, these were forged to bars of 65 mm in diameter after heating at 1 473 K for 2 h, and normalized at 1 523 K for 1 h followed by air cooling to RT. Normalized bars were peeled to 58 mm in diameter. The difference of hardness (DHBϹ7) was so small that its influence on the machinability was considered to be negligible.
Testing Procedure
Machinability was evaluated by turning operation using a numerical controlled (NC) lathe. The cutting condition is summarized in Table 2 . Non-coated JIS P-type disposable carbide tools (Sumitomo Electric Hardmetal Corp.) were used for the tests. The amount of the rake face wear and the cutting force were measured. The rake face wear was quantified as the largest depth observed on the rake face, and it was measured with a depth-micrometer. The cutting force was measured after turning for 1 min by a dynamometer. Inclusions were observed by scanning electron microscopy (SEM), and the chemical compositions were identified by energy dispersive X-ray spectroscopy (EDX). Tool surfaces after cutting were also characterized by SEM and EDX. The microstructure of inclusion layer formed on the tool surface was observed by the cross sectional TEM. A thin foil TEM specimen was prepared by the procedures as schematically illustrated in Fig. 1 . After cutting the inclusion layer along with the tool surface section to a small piece, the plate piece was thinned by mechanical polishing to approximately 50 to 80 mm in thickness. From this thin plate, a thin foil with electron transparency of approximately around 100 to 200 nm in thickness was fabricated by a focused ion beam (FIB) thinning technique.
Results
Machinability Testing Results
Tool Wear
Rake face wear progress curves are shown in Fig. 2 and appearances of tool surface after machining tests are shown in Fig. 3 . No remarkable difference was observed in the amount of the rake face wear between the base steel and the Ca/Mg-added steel. The rake faces of base steel and Ca/Mg-added steel were hollowed out deeply, while almost no rake face wear was observed in the Ca-added steel.
Cutting Force
Cutting forces in each steel are compared in Table 3 . In turning operation, three force components of tangential force (F t ), longitudinal force (F l ) and radial force (F r ) are commonly quantified as the components of cutting force, and the resultant force (F) is defined by Fϭ(F t 2 ϩF l 2 ϩ F r 2 ) 1/2 . As shown in Table 3 , though the resultant force of the Ca/Mg-added steel showed an increase of 1.7 % compared to the base steel, that of the Ca-added steel exhibited a large decrease of approximately 7.8 % compared to the base steel. As for the individual force component, whereas all the components of the Ca/Mg-added steel are almost the same level as those for the base steel, all the components of the Ca-added steel are lower than those for the base steel. More concretely, although the tangential force quantified in the Ca-added steel showed a decrease of 4.7 %, while the longitudinal force and the radial force showed larger decrease of 20.0 and 17.9 % respectively, compared to those of the base steel. These results showed that the longitudinal force and the radial force, both of which are parallel to the rake face plane, have become smaller in case of machining Ca-added steel.
Composition of Inclusions
SEM images of typical inclusions in each steel and quantitative analysis results by EDX are shown in Fig. 4 and in Table 4 , respectively. Because inclusions were relatively fine and sometimes composed of the composite structure, the quantitative analysis results by EDX were influenced by the surrounding matrix or neighboring inclusions. However, we were able to identify sulfide and oxide inclusions observed in the base steel as a manganese sulfide and a corundum oxide enriched with aluminum, respectively. In the Caadded steel, not only the manganese sulfide but also a manganese sulfide with dissolving calcium, which was possible to be represented as (Mn, Ca)S, were identified, and oxide inclusion was mainly calcium-type composite oxide containing CaO or SiO 2 , which was represented by the compositions from gehlenite to CaAl 12 O 19 . In the Ca/Mg-added steel, in addition to the manganese sulfide, a manganese sulfide containing both calcium and magnesium, which was represented by (Mn, Ca, Mg)S, and a spinel oxide, which was represented by MgAl 2 O 4 , were identified. In the Caadded and Ca/Mg-added steels, oxide inclusions were frequently associated with surrounding sulfide inclusions. The size of sulfide inclusion was roughly measured in the range of 5 to 20 mm, which was similar among all steels.
Observation of Rake Face of Carbide Tools
EDX mapping analysis results for the rake face after cutting 3 000 m in cutting length for the Ca-added steel and the Ca/Mg-added steel are compared in Fig. 5 . Characteristic distribution of major elements on the rake face can be seen. For the Ca-added steel, manganese and sulfur were found to cover the entire worn portion, where the tool surface had contacted with the chip during machining, and it is estimated that manganese sulfide was deposited on the rake face. In addition to that, it was also observed that calcium and iron were enriched at the circumference of the manganese sulfide. For the Ca/Mg-added steel, manganese and sulfur were detected only at the periphery of the worn portion, and large amount of iron was detected at the middle of worn portion of the rake face, which was considered to be deposited in the course of machining.
TEM image for a cross section of the manganese sulfide, which was detected on the rake face after machining the Ca-added steel, is shown in Fig. 6 . The upper side of this image corresponds to the contact portion with the chip during machining, and the lower side of the image is the carbide tool. From this picture, it was made clear that the manganese sulfide layer formed on the rake face had a thickness of a few micrometers. A thinned ferrite was observed at some parts of the interface between the manganese sulfide layer and the tool surface as shown in Fig. 7 , which is a magnified view of the location marked with a white square in Fig. 6 . This ferrite seemed to have adhered at relatively Table 4 . Quantitative analysis of alloying elements by EDX on the typical inclusions shown in Fig. 4 . earlier stage during machining before the formation of the manganese sulfide layer. Since no chemical compound phase consisting of the components from tool material, such as tungsten, titanium and cobalt, and from the steel specimens, such as manganese, sulfur and iron, was observed at the interface between the manganese sulfide layer and the tool surface, it is considered that the manganese sulfide layer deposited on the rake face without any chemical reactions. A dark field image and an electron diffraction pattern with key diagram superimposed are shown in Fig.  8 , which were obtained from a central area of the manganese sulfide layer shown in Fig. 6 . The manganese sulfide layer on the rake face exhibited very fine equiaxed grain structure with a few hundreds nanometers in size, and this fine structure was very different from the manganese sulfide particles present in the steel interior. This manganese sulfide on the rake face had a cubic crystal structure and contained about 1 at% calcium, these are similar to the manganese sulfide particles inside the steels. It is considered from the above results that the manganese sulfide could be recrystallized during machining, where higher temperature and higher pressure due to an extensive friction between the chip and the tool surface could enhance the dynamic recrystallization.
Discussion
Relationship between Ca
Addition and the Reduction of Rake Face Wear As shown in Table 3 , both the longitudinal force and the radial force in the Ca-added steel were obviously reduced compared to the base steel or the Ca/Mg-added steel. This result suggests that some lubricating effects operate on the rake face during machining the Ca-added steel. In addition to that, as shown in Fig. 5 , it was observed that the manganese sulfide layer was formed on almost entire worn area of the rake face after machining the Ca-added steel. Therefore, it is supposed that the manganese sulfide layer on the rake face provides the lubricating effects, leading to the wear reduction. However, this observation is different from some previous reports that the oxide layer containing calcium with a lower melting point forms on the rake face when a calcium deoxidized steel is machined with a higher cutting speed.
1-3,6-10) The present results indicate that the manganese sulfide layer was formed as the inclusion layer and are rather in agreement with some recent results which have been obtained from machining experiments of the steels containing relatively higher amount of sulfur. 11, [13] [14] [15] [16] From the view point of the diffusion wear mechanism, it is well interpreted that the manganese sulfide layer worked as a diffusion barrier to suppress the diffusion wear, avoiding direct contacts between the tool surface and the chip during machining. It is interesting to see that the manganese sulfide layer formed stably only at the machining of the Caadded steel although both of the Ca-added and Ca/Mgadded steels contained the similar amount of sulfur and sulfide inclusions with dissolving calcium in them. To understand this, the difference of oxide inclusions should be considered between the Ca-added steel and the Ca/Mg-added steels, in terms of their influence on the formation of the manganese sulfide layer on the tool surface. However, in the cross sectional TEM observation of the manganese sulfide layer, no oxide inclusions containing calcium was observed neither on the top surface which had touched the chip nor at the interface with the tool surface. That is, it is suggested that the oxide inclusions containing calcium have no roles to protect the manganese sulfide layer, nor assisting the formation of the manganese sulfide layer onto the tool surface.
Formation of MnS Layer on the Tool Surface
If the difference of oxide inclusions influences the formation of the manganese sulfide layer on the tool surface, the following hypothesis can be made. That is, in case of machining the Ca-added steel containing calcium-type oxide, the manganese sulfide can adhere and deposit on the tool surface easily, forming the manganese sulfide layer, but in case of machining the base steel containing corundum oxide or in case of machining the Ca/Mg-added steel containing spinel oxide, the manganese sulfide hardly deposits on the tool surface because the manganese sulfide is removed by these hard oxide particles immediately after adhesion on the tool surface, not allowing the formation of the inclusion layer on the tool surface. In other words, calcium-type oxide is assumed to hardly remove the manganese sulfide layer from the tool surface due to its weaker abrasive effect compared to corundum oxide or spinel oxide.
Then, a supplementary experiment was performed in order to verify this assumption, in which two kinds of tools were prepared in advance. The "tool-I" was a carbide tool which machined the Ca-added steel, then the manganese sulfide layer formed on the tool surface. The "tool-II" was also a carbide tool, but it machined the Ca/Mg-added steel, then no manganese sulfide layer formed on the tool surface. Using the tool-I and tool-II, the following turning experiment was performed. The machining condition was the same as shown in Table 2 .
(1) In case of tool-I, at the first half of machining test, the Ca-added steel was machined 900 m in cutting length (i.e. the preparation of tool-I) and then a cut material was changed to the Ca/Mg-added steel, then further machined 750 m in length.
(2) In case of tool-II, at the first half of machining test, the Ca/Mg-added steel was machined 900 m in cutting length (i.e. the preparation of tool-II) and then a cut material was changed to the Ca-added steel, then further machined 750 m in length.
The rake face wear progress curves are shown in Fig. 9 . In case of the tool-I, though the rake face wear didn't progress up to first 900 m in cutting length during machining the Ca-added steel, immediately after changing the cut material to the Ca/Mg-added steel, the rake face wear rapidly proceeded. Contrary to that, in case of the tool-II, though the rake face wear drastically progressed up to first 900 m in cutting length during machining the Ca/Mg-added steel, it stagnated immediately after changing the cut material to the Ca-added steel. Finally, the amount of rake face wear in both tools reached almost the same level at 1 650 m in total cutting length. SEM images and EDX mapping analysis results for the rake face after machining the Caadded steel up to 900 m in cutting length (tool-I) and those after further machining the Ca/Mg-added steel up to 1 650 m in total cutting length are shown in Figs. 10 and 11 , respectively. As shown in Fig. 10 , after machining the Caadded steel for 900 m, both of manganese and sulfur were uniformly detected on almost entire worn area of the rake face, indicating that the manganese sulfide layer stably formed on the rake face. However, as shown in Fig. 11 after further machining the Ca/Mg-added steel up to 1 650 m, a significant amount of iron was observed on the rake face instead of the manganese sulfide. This result indicates that the Fig. 11 . SEM image and elemental mapping by EDX at the rake face of the Tool-I, after cutting Ca/Mg-added steel (Steel C) 750 m in length, following to the prior cutting of Ca-added steel (Steel B) 900 m in length (Fig. 9) .
manganese sulfide layer which formed on the rake face was removed out from the tool surface by machining the Ca/Mg-added steel. For this phenomenon, several factors can be considered. However, because there is no remarkable difference of material properties between the Ca-added steel and the Ca/Mg-added steel, such as chemical composition, microstructure, hardness and sulfide inclusion morphology, it is strongly suggested that the compositional difference of oxide inclusions mainly influenced the removal of the manganese sulfide layer. Iwasaki et al. measured the softening point of calcium-type oxide and aluminum oxide to be around 960°C and higher than 1 600°C, respectively. Additionally, they also reported that the rake face wear was reduced when cutting temperature exceeded 1 000°C, which was estimated by a two-dimensional cutting model. 17) Though the cutting temperature was not measured in this study, from the similarity of cutting conditions with their experiment, it can be deduced that the maximum cutting temperature at the rake face may have reached to the softening point of the calcium-type oxide. Therefore, the oxide inclusions having lower softening point, like the calciumtype oxide, hardly scrape off the manganese sulfide layer formed on the tool surface under the present cutting condition which tends to raise the cutting temperature higher. While, the oxide inclusions having higher softening point, like corundum oxide and spinel oxide, may work as abrasive particles against the tool surface and hinder the formation of manganese sulfide layer on the tool surface. As mentioned above, when machining the Ca-added steel containing higher amount of sulfur by a carbide tool with 150m/min in cutting speed, 1) calcium-type oxide does not exist at the interface between the manganese sulfide layer and the tool surface nor at the interface between the manganese sulfide layer and the chip, and 2) calcium-type oxide does not disturb the formation of the manganese sulfide layer on the tool surface due to the weaker abrasive effect compared to harder oxide inclusions such as corundum oxide or spinel oxide. To prove a fundamental issue why calcium-type oxide never disturb the formation of the manganese sulfide layer, deliberated experiments focusing on further influential factors, such as the maximum cutting temperature which the tool surface reached and the contact pressure between the chip and the tool, are necessary.
As shown in Figs. 5, 10 and 11, some oxide forming elements such as Ca, Mg, and Al, were enriched at both the front and rear edges of the worn area of the rake face. These can be regarded as the trail of the transportation of oxide inclusions along the tool surface during machining. Hence, it is deduced that oxide inclusions continuously rub the tool surface while the chip starts to contact to the tool surface and the chip leaves away, and that the manganese sulfide layer is removed by their rubbing action. Though the amount of oxide inclusions in steels is estimated much less than that of sulfide inclusions, if oxide inclusions are continuously transferred on the worn portion of the rake face from the edge to edge, the oxide inclusions may be able to efficiently remove the manganese sulfide layer. Akazawa has reported that the rake face wear was accelerated by not only the diffusion of tool constituents but also by harder carbide particles such as WC and TiC, which originated from the carbide tool during machining.
3) Similar to that, the abrasive effect of the hard oxide inclusions would accelerate the rake face wear and would hinder the formation of inclusion layer composed of manganese sulfide. Once the manganese sulfide layer forms on the tool surface, the rake face wear would be reduced because it works as "diffusion barrier" to suppress the diffusion wear as well. Thus, it could be concluded in this study that the manganese sulfide layer worked as an inclusion layer to reduce the rake face wear, and the abrasive nature of the oxide inclusions at elevated temperatures influenced the formation of the manganese sulfide layer on tool surface. However, several previous reports have shown that the inclusion layer was formed on the rake face and it reduced the rake face wear even in the case of machining a steel containing both calcium and magnesium. [20] [21] [22] Actually, in our results shown in Fig. 2 , it was observed that the rake face wear of Ca/Mgadded steel was slightly mitigated compared to the base steel. However, in the case of machining the Ca/Mg-added steel, the amount of the deposited sulfide inclusions on the tool surface was formed smaller and the wear amount was much larger than the Ca-added steel. It has been shown that after machining a Ca-added steel containing 0.03 % sulfur with the cutting speed of 300 m/min, the inclusion layer, which was composed of mainly Ca, Al, and S, formed on the rake face and a cross sectional microstructure exhibited the phase separation, where fine sulfides with several hundred nano-meters in size and the elongated calcium-type oxide coexisted. 14) These results seem to be in disagreement with the present result. However, as it has been shown in the literature 18) that the tool life is extremely prolonged when a parameter is in the range from 1.7 to 2.0, where the parameter is defined by the melting point of oxide inclusion divided by the cutting temperature, the effects of inclusions on the tool wear would largely depend on the cutting temperature. In order to understand these various observations without contradiction, reaction mechanisms occurring on the tool surface that can explain why specific inclusions can preferentially deposit during machining, should be clarified by more elaborated investigations focusing on the relationship between the distribution of cutting temperatures on the rake face and the properties of inclusions at those temperatures.
Summary
In this study the wear reduction effect observed in carbide tools machining a Ca-added steel containing higher amount of sulfur under cutting condition of 150 m/min has been investigated, and following conclusions have been obtained.
(1) In case of machining a Ca-added steel, manganese sulfide layer, a few micrometers in thickness, containing calcium, and composed of equiaxed grains with a few hundreds nanometers in size, formed on the rake face of the carbide tool. It is deduced that this manganese sulfide layer formed on the rake face has a role to reduce both the cutting force and the rake face wear during machining.
(2) In case of machining a steel containing corundum oxide or spinel oxide, the formation of manganese sulfide layer on the tool surface was retarded, and the rake face wear was enhanced. It is deduced that the harder oxide in-clusion acts as abrasive particles in the course of machining, and hinder the formation of the manganese sulfide layer on the tool surface, which is observed only in machining the Ca-added steel.
